Colour patterns (e.g. irregular, spotted or barred forms) are widespread in the animal kingdom, yet their potential role as signals of quality has been mostly neglected. However, a review of the published literature reveals that pattern itself (irrespective of its size or colour intensity) is a promising signal of individual quality across species of many different taxa. We propose at least four main pathways whereby patterns may reliably reflect individual quality: (i) as conventional signals of status, (ii) as indices of developmental homeostasis, (iii) by amplifying cues of somatic integrity and (iv) by amplifying individual investment in maintenance activities. Methodological constraints have traditionally hampered research on the signalling potential of colour patterns. To overcome this, we report a series of tools (e.g. colour adjacency and pattern regularity analyses, Fourier and granularity approaches, fractal geometry, geometric morphometrics) that allow objective quantification of pattern variability. We discuss how information provided by these methods should consider the visual system of the model species and behavioural responses to pattern metrics, in order to allow biologically meaningful conclusions. Finally, we propose future challenges in this research area that will require a multidisciplinary approach, bringing together inputs from genetics, physiology, behavioural ecology and evolutionary-developmental biology.
Introduction
Animal coloration is widely involved in mate choice, intra-sexual competition, dominance relationships and other social interactions, playing a central role in quality signalling [1] . Most research on colour-based signals of quality has focused on pigment-based traits (especially carotenoids, but also melanins). Under the assumption that pigment bioavailability is the main constraint in colour expression, most emphasis has been placed on the acquisition, metabolism and allocation trade-offs of each pigment or its precursors [1] . Derived from this marked interest in 'quantity-dependent' colour expression, most studies have focused on measuring the size or colour intensity/hue of colour patches as proxies of individual quality, irrespective of their production mechanism. However, coloured patches often vary among conspecifics in the shape, distribution and connectivity of their constituent units (e.g. spots, stripes and other heterogeneous markings; figure 1 ). That is, the actual two-or three-dimensional pattern of a colour trait can be highly variable among individuals. Such variability in patterning is largely independent of the area or colour intensity of the patch, and may therefore be subject to other functional constraints, allowing alternative-but not mutually exclusive-signalling pathways and reliability mechanisms for visual traits. Understanding the quality-signalling potential of visual patterns requires a conceptual and empirical change to our approach to animal coloration, addressing how they can be linked to individual quality, how animals perceive them, and what specific tools can be used to quantify these patterns.
Here, we review the main examples of quality-signalling colour patterns across animal taxa ( §2); propose potential mechanisms by which patterns may reliably signal several aspects of individual quality ( §3); summarize & 2017 The Author(s) Published by the Royal Society. All rights reserved.
relevant analytical tools for objective quantitative descriptions of colour patterns ( §4); identify aspects of pattern perception mechanisms that must be considered to interpret the biological relevance of pattern features ( §5); and identify future challenges in this research area ( §6).
Empirical evidence of quality-signalling colour patterns
Several studies using more holistic pattern descriptions than simply measuring the area or the number of constituent elements (e.g. number of spots or stripes) support the relevance of visual patterns in signalling contexts (figure 1 and table 1;  see the electronic supplementary material, table S1 , for a more complete list). Most evidence comes from birds, but a foremost example is the clypeal black patch of paper wasps (Polistes dominula; table 1 and figure 1), where shape is used in dominance signalling and is linked to developmental condition and other individual physiological variables. Cichlids provide among the best fish examples, with fast changes among discrete colour patterns reflecting the motivational state of the bearer or the outcome of social interactions (electronic supplementary material, table S1). The same applies to cephalopods, which also rely on skin chromophores to display variable colour patterns that can change within seconds and may reflect dominance relationships in agonistic interactions (electronic supplementary material, table S1). Scant evidence is available for mammals and reptiles, where camouflage, predator-prey communication, thermoregulation or warning signalling are the most commonly suggested adaptive functions attributed to colour patterning. However, interspecific studies suggest that quality signalling is also a likely function in these taxa [20] [21] [22] , thus encouraging empirical studies at the specific level in candidate mammal and reptile species.
Quality-dependent expression of colour patterns
Assessing the quality-signalling role of colour patterns requires an understanding of the factors determining differential expression between high-and low-quality individuals; that is, addressing the information a receiver can extract from the signal and the factors ensuring signal reliability. Different colour patterns probably entail different reliability mechanisms according to their own architecture, complexity, production mechanism, stage of ontogeny when they are generated, and the particular life history and ecology of the species. Below we suggest four non-mutually exclusive main pathways that may link individual quality to the expression of colour patterns. While melanin is responsible of most colour patterning found in animals, these pathways are potentially applicable to patterns resulting from any production mechanism (either pigmentary or structural).
(a) Conventional signals of social status
Traits mediating intraspecific social interactions often evolve as conventional signals, or badges of status [23, 24] . These traits do not necessarily involve significant production costs, but target receivers penalize the mismatch between sender quality and its signal level through agonistic interactions [24] . Given that the reliability of conventional signals is based on a consensus among senders and receivers, signal form is not necessarily constrained by a linkage between production mechanism and information conveyed [24] . Thus, any colour pattern could, in principle, evolve as a badge of status. However, for reasons of signalling efficiency, we would expect patterns used as badges of status to be simple and thus easily discriminable by the receiver (see §4). In fact, most examples of this kind of trait consist of simple colour patches that mainly vary in size between high-and low-quality individuals [23] . However, there are some examples where more complex pattern features work as a badge of status, like the uniformity of the cheek patch of great tits, the black spots of paper wasps, or the rapidly variable and state-dependent patterns displayed by cichlids and certain marine taxa (table 1; electronic supplementary material,  table S1 ). Nevertheless, some degree of condition-dependence can also be expected in badges of status because signal expression, agonistic behaviour and condition are likely interrelated, and displaying a certain level of the signal implies a prime physiological state to face the social costs associated with it [25] . The mechanisms invoked to link physiological state and dominance signalling via colour intensity or size of badges of status often involve endocrine or energetic constraints [23] , but the potential effects of these factors on the spatial features of a colour patch are yet to be elucidated. For instance, evidence from paper wasps indicates that the shape of the clypeal spot is subject to social control by conspecifics, but is also influenced by body condition during early development and is correlated to juvenile hormone levels (an invertebrate analogous to testosterone), thus supporting the existence of such links. In any case, carefully designed experimental set-ups [23] are required to tease apart the relative importance of social costs and physiological constraints on the production of colour patterns used as badges of status. Developmental homeostasis (including developmental stability and canalization) buffers small perturbations that can cause alterations in the normal developmental process of individuals, leading to fitness reductions [26] [27] [28] . In organisms with bilateral symmetry, fluctuating asymmetry is the most commonly used estimate of this phenomenon [26, 28] and is often assumed to behave as a reliable index of individual quality [28] . However, most studies on fluctuating asymmetry have focused on morphological traits, but rarely on colour pattern features (but see the electronic supplementary material, table S1, for exceptions). This is surprising since morphological traits are likely under strong stabilizing selection, as even subtle asymmetries in any structural traits would entail significant viability costs [28] . By contrast, fluctuating asymmetry of colour traits is less likely to entail viability costs. This probably relaxes the selection for tight control over their symmetry, increasing sensitivity to environmental and genetic stress, and allowing them to better reflect developmental stability.
Beyond fluctuating asymmetry of symmetric traits, the capacity of individuals to express a given pattern can also reveal an individual's developmental homeostasis [26] . The pathway to produce a colour pattern form involves many different steps that must be synchronized at very different temporal and spatial scales (figure 2; e.g. [29, 30] ). Genetic and environmental perturbations can affect this process at different levels, causing cumulative deviations from the target pattern, which can be reliable indicators of the incapacity of the individual to buffer the developmental process. This is highlighted by a trait architecture that involves the imbrication of different units, like feathers, hairs or scales (figure 2). However, the same basic mechanism applies to taxa lacking these structures (e.g. invertebrates and amphibians), as the maturation, migration and arrangement across the body of their main coloration units-chromatophores-are equally sensitive to the same stressors [31] .
Sharp and uniform borders, as well as regular repetition of elements (i.e. bars and spots) probably represent challenges for developmental buffering mechanisms, particularly in complex forms. Thus, uniformity, regularity and complexity are likely candidates as signals of developmental homeostasis. However, in most cases, identifying the optimum display a priori would be difficult. To avoid using arbitrary criteria, the best approach would be to rely on behavioural data (e.g. mate choice or dominance tests) to identify the pattern features positively selected under signalling scenarios. Identifying the factors deviating patterns from these optima would then be the next step.
Trait sensitivity to alterations of developmental homeostasis varies across ontogeny [26, 28] , and this is probably the case for pattern capacity to mirror individual quality. This implies that stressful conditions will only impact pattern expression at certain developmental windows that will vary among species or traits. This is particularly relevant for traits in animals that undergo one or multiple moulting processes. In these cases, pattern sensitivity to individual physiological state during moult can be restricted to early development or remain open at every moulting event, depending on the lability of the precise mechanisms implicated in the expression of each pattern feature. Colour patterns fixed during early development, even though insensitive to physiological state afterwards, are indeed good candidate indices of quality, as stressful conditions early in life often have long-lasting effects on individual viability [31] .
(c) Amplifiers of cues of somatic integrity
The wear of plumage, skin or pelage is often related to suboptimal performance, senescence or overall somatic deterioration [2, 32, 33] . Parasites impose significant fitness costs to the individual, and in the case of ectoparasites, their action often damages external host appearance. In addition, damage, scars and broken or missing feathers or scales are usually the result of close encounters with predators or outcomes of agonistic interactions from which the individual did not escape unscathed. It is therefore not surprising that all these alterations of somatic integrity can be used as cues for individual quality assessment (e.g. [32, 34] ).
Cues of somatic integrity would be amplified by certain colour patterns [35] . In fact, this potential role of some plumage decorations was originally selected by Hasson to illustrate the concept of an 'amplifier' (i.e. a trait that increases the resolution of a signal, enhancing the discrimination power of the receiver) [36] , and some empirical evidence supports this. For instance, in great tits (Parus major), cheek patch irregularities often reveal the presence of ectoparasites or injuries caused by conspecifics [2, 5] . Similarly, the lateral barred pattern of the red-legged partridge (Alectoris rufa), resulting from the perfect alignment of flank feathers (figure 1b), is conspicuously altered by feather loss [37] ; interestingly, replacement feathers do not perfectly fill these gaps, leaving traces of traumatic events [37] .
This somatic integrity role of colour patterns should not be confounded with the handicapping role of certain markings that increase the risk of damage, abrasion or degradation by bacteria or ectoparasites, as typically proposed for some plumage traits [33] . Whereas the latter role is dependent on the size or location of the markings, the amplifying function of somatic integrity is mostly based on the shape of the pattern and the particular architecture of the trait. We propose that traits composed of multiple units and whose imbrication produces a regular pattern of repeated elements (bars and spots) evenly distributed across a given body region are particularly prone to evolve under this amplifying function.
(d) Amplifiers of cost-added signals of maintenance activities
Preening and grooming activities are essential to remove ectoparasites and maintain the insulating and signalling properties of external teguments. Animals, and particularly vertebrates, spend considerable time and energy in maintenance behaviour [38, 39] , trading off with other behaviours, such as feeding and vigilance. Given that these grooming and preening activities are particularly important to enhance the conspicuousness of ornamental traits [39] , it has been suggested that they function as cost-added signals of individual quality revealing that the bearer can afford a high day-to-day investment [39] . The effective execution of these maintenance activities would be amplified by certain colour patterns. As in the previous case, composite patterns whose correct display involves an optimal arrangement of multiple units probably require higher investment. Combinations of highly contrasting colours, and predominance of white markings, may be Figure 2 . Schematic of the developmental process of colour pattern formation and how this relates to the four reliability mechanisms discussed in §3. A melanin-based pattern expressed in a plumage trait has been selected as an illustrative example, although the general scheme can be easily translated to other types of traits (skin-, hairor scale-based). Pattern expression depends on the developmental control of processes that take place at different scales and that require a tight spatio-temporal coordination. These include, for instance, the arrangement during early embryonic development of structural units (feather germs) and pigmentary cell precursors (melanocytes) across the body according to the general pattern layout (i). During structural unit growth, the topology and maturation of undifferentiated (white circles) into differentiated melanocytes (black symbols) must be coordinated with structural unit growth (ii). A correct synchronization between melanosome production by differentiated melanocytes and their transfer to proliferating keratinocytes is required to elaborate the within-unit pattern adequately (iii). Furthermore, these structural units must be developed, arranged and perfectly imbricated to fully display the composite pattern resulting from their combined effect (iv). Stressors altering all these steps will exert cumulative effects on the final pattern, which would be gradually deviated from its optimum. Individual capacity to buffer such deleterious effects will differ among high-and low-quality individuals, making colour pattern expression a reliable index of developmental homeostasis ( §3b). Beyond these factors affecting pattern development, individual wearing an undamaged, immaculate and well-groomed plumage, coat or skin will be able to better display their colour pattern (v), which would then act as an amplifier of somatic integrity ( §3c) and investment on maintenance activities ( §3d). Finally, overall pattern appearance would elicit variable responses from conspecifics, mediating the reliability of colour pattern features as conventional signals of status ( §3a)
Methods for quantifying colour patterning
One of the main factors to have hampered our understanding of the functions of colour patterns is the difficulty in quantifying overall pattern appearance. As a simple holistic solution, some studies have relied on qualitative classifications of the patterns (electronic supplementary material, table S1 ). This is a reasonable method for clearly distinguishable and discrete forms, such as the state-dependent patterns of many cichlid fishes (table 1) 
(a) Barred patterns and regularity analysis
Barred patterns (i.e. those composed by lines or stripes) are widespread across taxa. In those groups where the barred pattern results from lighter and darker elements placed side by side, pattern regularity is one of the most evident trait features. The freely accessible software developed by Gluckman & Cardoso [40] analyses barred patterns by aligning the coloured bars, and then quantifying deviations from an ideal pattern, where all bars are uninterrupted, of constant widths and with smooth borders between colours. This measure only allows comparisons between equivalent patches among individuals of the same species, but not among different patches or species, because this measure is affected by the gross morphology of the pattern (e.g. the width of the bars) [41] . So far, this method has only been applied to the plumages of a few bird species [40] . In common waxbills (Estrilda astrild), it has provided compelling evidence that the regularity of their barred plumage would serve as a quality signal, as revealed by its sex-by-age variability and its link to body condition [41] .
(b) Colour adjacency analysis
Built on the basis of colour analyses and visual modelling, the colour adjacency method [42] provides a framework based upon transitions between colour patches that make it possible to estimate pattern parameters like colour diversity, complexity or aspect ratio. The adjacency analysis relies on collecting colour characteristics-either by spectrophotometric methods or digital photography-as in conventional coloration studies. Instead of collecting colour samples in a single patch, they are collected in a large number of points ordered in a grid covering the entire body of the animal or the body region of interest. This grid is aligned with a reference body axis, so that colour measures are encoded into a zone map that allows subsequent adjacency analyses. These allow quantifying patch size and the number and orientation of transitions across colour patches, thus providing indices of pattern elongation, regularity and complexity, while also considering the particularities of the visual system of the study species. No specific software has been released for this method, although all procedures can be carried out in R or MATLAB (functions are available from the author) [42] .
Adjacency analyses have been used to address the study of the highly variable colour patterning of poison frogs [43, 44] . This approach allowed summarizing frogs' dorsal patterns in a few descriptive variables, like the relative contribution of each colour to the forms or pattern complexity and elongation, which have been shown to be useful to understand their biological function [43, 44] . However, while this approach is a statistically useful avenue to analyse patterns, it does not resemble the way that visual systems process pattern information.
(c) Spotted patterns and Fourier and granularity analyses
Substantial earlier work revealed a number of properties of early spatial vision processing across a range of animals, including the presence of receptive fields that respond to contrast, edges and shape information, including in particular orientations (e.g. [45, 46] ). Such features are often processed at different spatial frequencies (e.g. pattern sizes) [47] . The advent of image analysis tools opened up a wide range of avenues with regards to quantifying patterns, many of them based on spatial frequency techniques, especially Fourier analysis.
Here, a given pattern can be quantified in terms of its contrast, spatial frequency, phase and orientation. In nature, many patterns are not lines and gratings (e.g. stripes), but rather composed of spots and 'blobs' of different sizes. A comparatively recent approach to quantify these has been through 'granularity' analysis, whereby images of a given object pattern or scene are Fourier-processed followed by bandpass filtering to create a subset of images containing information at a number of spatial frequency bands, ranging from high (small markings) to low spatial frequency (large markings). Following this, the amount of 'energy' at each band can be measured, with higher energy corresponding to more prominent markings. A plot of energy versus spatial frequency produces a 'granularity spectrum', from which a number of descriptive metrics can be obtained, including marking size, contrast and diversity. This approach has successfully been implemented in various studies describing types of cuttlefish camouflage markings [48, 49] , as well as pattern mimicry and rejection behaviour of cuckoo-host eggs [50] . It is likely that animals respond to multiple metrics derived from such analyses, but that the specific features used vary with species and context. For example, hosts of brood parasites base their egg rejection behaviour on assessing mimicry with regard to egg marking size, contrast, variability and dispersion, but the specific features used and their relative importance varies with species [50, 51] . However, to our knowledge, the application of these approaches to the study of quality-signalling patterns is still pending. These granularity approaches are freely available in a recently released image calibration and analyses toolbox [52] .
There are at least two other approaches here to quantify spot-type patterns. First, recent work has used an approach called Scale Invariant Feature Transform (SIFT), which is essentially a computer vision approach for object and feature recognition at different angles and scales. This has been successfully applied to analysing cuckoo-host egg markings [53] . Another complementary approach used by some authors is rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162446 to threshold patterns into binary black and white images, and then measure the distribution and coverage of markings over different regions of an object [54] . A recent set of functions called 'SpotEgg' [55] have also been published that allow adaptive thresholding of images to cope with differences in illumination and object shape, while providing information about spot size, distribution, shape and other features such as fractal dimension (see below).
(d) Fractal geometry
Fractals are mathematical objects that are self-similar across scales and whose shape is too complex to be described by Euclidean geometry [56] . Many natural objects are not strictly selfsimilar, but can be considered 'statistical fractals' and their shape can be successfully described by fractal geometry [56] .
There are several types of fractal analyses, but all of them rely on some type of 'fractal dimension', which estimates pattern complexity as a scaling rule comparing how a pattern's detail changes with the scale at which it is considered. Fractal dimension is often calculated by box-counting methods, which proceed by overlaying the studied pattern by meshes of different cell side lengths, subsequently counting the number cells occupied by the pattern for each mesh size. The scaling rule of cell size over the inverse of the number of cells occupied by the pattern (both in logarithmic scale) determines its fractal dimension [56] . Fractal dimension can be calculated on lines, surfaces or volumes, capturing the space-filling capacity of the pattern, which is closely related to different properties such as the number, length, tortuosity and connectivity of its elements. Importantly, fractal dimension may be sensitive to different trait features for different types of patterns. Therefore, understanding the meaning of the fractal dimension for each pattern requires a case-by-case exploration [6] . However, irrespective of the particular pattern studied, it should be noted that the applicability of this method does not imply that animals are able to detect fractal dimension itself; rather, this measure captures variations in certain pattern features that animals can detect, but that are difficult to quantify objectively by other methods.
Fractal dimension is the simplest and most popular fractal analysis, but not the only one. Multifractal analysis provides a much more detailed description of a pattern, where the arrangement (mass distribution) of the pattern is analysed at different scales by the 'singularity spectrum'. 'Lacunarity' is another useful concept from fractal geometry that quantifies the gappiness and heterogeneity of a given pattern, as well as its rotational invariance. Performing most of these analyses is relatively straightforward by using freely available software (e.g. FRACTALDIM, HARFA, FRACLAC).
Fractal geometry techniques are particularly suitable for addressing intricate, complex and heterogeneous patterns. By measuring the continuity of a pattern through scales, it somehow mirrors the inherent architecture of many animal colour traits composed by different units (scales, feathers and hairs), and is thus an interesting tool to capture the variability resulting from such multi-scaled construction of the trait. However, to date, their application to animal colour patterning has been limited [57] . In a recent experimental study, fractal dimension of the black bib of the red-legged partridge (figure 1b) was particularly useful to distinguish between individuals with a smooth or a sharp transition from the plain black to the spotted areas of the bib. This trait feature predicted individual body condition and immune responsiveness, a relationship that remained unnoticed when using simpler measures of the trait [6] . Also, although not from the perspective of quality-signalling, fractal geometry has proved useful to describe butterfly wing patterns [58] , and the cranial and shell sutures in mammals and ammonoid taxa [59, 60] . The latter examples support the usefulness of fractal dimension to quantify the integrity and regularity of whole colour patches or their borders.
(e) Geometric morphometrics
Geometric morphometrics is the analysis of morphological structures using Cartesian geometric coordinates rather than linear, areal or volumetric variables. One of the main advantages of this tool is that it allows capturing the shape of an object independent of its size, position and orientation. Object shape is translated into a series of derived coordinates that are easy to interpret and represent, and amenable to a wide array of statistical approaches [61, 62] .
Geometric morphometrics is based on 'landmarks' (i.e. homologous points that represent the same biological location across specimens). Once identified and digitized, landmarks can be processed by different geometric approaches, of which the Procrustes superimposition method is the most widespread [61, 62] . The homology requisite of landmarks is usually fulfilled by using clearly identifiable points like cusps, invaginations or intersections.
There are several issues that make geometric morphometrics a particularly interesting tool for colour patterning analysis. For instance, it allows describing both in two-and three-dimensional shapes. This is particularly useful to capture colour patterns displayed in tridimensional structures, like legs, wings or non-flat areas of the body, providing these are digitized in a natural display manner. Also, geometric morphometrics allow controlling for potential allometric effects, or for a covariance between body and pattern shape. Another interesting feature of geometric morphometrics is its unique potential to capture several types of symmetry, from matching or object symmetry to more complex configurations, like reflection, rotational, translational or spiral symmetries [27] . It also addresses what specific pattern features are contributing most to symmetry deviations, which is of great interest for understanding the subjacent mechanisms linking pattern expression and individual quality ( §5).
There are several freely available software tools and R packages for data digitalization, conversion, visualization and analysis of geometric morphometric data (see life.bio. sunysb.edu/morph). Despite the advantages of geometric morphometrics and availability of free and user-friendly software, to our knowledge no study has applied this set of powerful tools to the study of colour patterns in the context discussed here.
The need to consider the visual properties of the receiver
In recent years, the study of animal coloration has advanced considerably with the widespread use of objective measures of colour and models of animal vision. Unlike colour perception, which varies considerably across and even within species [63] , many of the general features determining pattern vision seem to be similar even across taxa (at least in lowlevel vision [64] ). This makes modelling certain aspects of rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162446 pattern vision and producing widely relevant techniques potentially highly tractable. A number of approaches to quantifying animal patterns have been based on the idea of approximately resembling visual processing, most notably Fourier and granularity analyses (see above; though note that these algorithms do not mimic real visual systems exactly, but rather broad principles). Other approaches include techniques for quantifying the edges of objects and patterns (e.g. [65] ), although again how exactly edge detection is undertaken by real visual systems is unclear and many models exist [64] . Ultimately, any model used needs to be validated with behavioural data to determine its relevance. In theory, it is possible to come up with a highly sophisticated model of high-level pattern vision, yet if this misses some key step or process found in real visual systems then this may produce inaccurate results. By contrast, comparatively simple models of pattern assessment could produce very effective metrics. The latter is broadly the case for granularity and edge detection approaches, whereby derived pattern metrics do effectively predict behavioural responses [50] . Other models may not mimic visual processing pathways closely (e.g. fractal analysis) but still derive information that is closely akin to that acquired and used by the receiver.
Ultimately, just as with metrics of colour, we need to test that the values and variation among individuals in pattern metrics coincide with a response by the receiver; that is, that the receiver actually sees and responds to that information. This is the key consideration for any pattern quantification tool. If on top of that the model is aimed at mimicking principles of visual processing, then this also allows us to potentially understand the visual mechanisms involved. Note, however, that to make more realistic models of pattern vision, further precise information on pattern processing is needed, as well as more information on things such as display behaviour and angle and distance of viewing by the receiver to the signaller. For example, visual acuity (the ability to resolve features of a given sized object) varies considerably with species' visual system and observation distance, and this will affect how well a receiver can see aspects of pattern. Furthermore, owing to features of receptive fields and spatial frequency processing (see above), animals differ in their ability to detect different spatial frequencies at different contrast levels, which can be characterized with a so-called 'contrast sensitivity function' (CSF) [47] . CSFs can describe and compare visual performance at different levels of pattern scale and contrast among species. As such, incorporating CSF and acuity information (which are available for a range of species) into models of pattern vision should, in principle, provide a more accurate approach to determining the information available from animal markings to the receiver, and can allow other information to be considered (such as viewing distances). At present, information on acuity and CSF are rarely incorporated into analyses of animal colour patterns, yet this information could be valuable in determining receiver responses to patterns of different contrast and size from different viewing distances.
Concluding remarks and future research directions
In this review, we have highlighted the potential of animal colour patterning, beyond size and colour intensity, to play a relevant role as reliable signals of individual quality. Available evidence supports this signalling role in a wide array of taxa. The reliability of quality-signalling colour patterns might involve several mechanisms, like social control, impaired developmental homeostasis, somatic deterioration or reduced investment on self-maintenance. Although methodological limitations have hampered the research of these patterns for a long time, these are no longer a major constraint, as currently available analytical methods allow an objective and accurate quantification of different pattern features. However, the use of these tools must consider relevant aspects of the visual system of the model species and (crucially) behavioural responses, in order to allow biologically meaningful conclusions. The different reliability mechanisms proposed here are not mutually exclusive. Indeed, colour patterns may (and probably do) act as 'multicomponent signals', where different features of a given pattern may inform about different aspects of the bearer or act as back-ups [66] . For instance, the symmetry and uniformity of the markings composing a given plumage pattern could indicate the stress levels suffered by the individual during early development. But once developed, the ability of the individual to keep undamaged and perfectly arranged all the feathers composing the display would amplify its capacity to keep its soma in prime conditions and allocate resources to self-maintenance. If the pattern behaves as a badge of status, the social costs derived from agonistic interactions can also be added to the system. The specific weight of each reliability pathway will depend on the ecology of the species and the particular architecture of the trait. Experiments would be needed to disentangle the relative importance of each signalling pathway.
A quality-signalling capacity does not preclude the same colour patterns from simultaneously being used in other functions, such as thermoregulation, anti-glare, concealment, individual recognition or aposematism [67] . This would be the case, for instance, of the facial masks and other common head markings of birds often assumed to provide anti-glare protection or gaze concealment to predators or opponents [67] , but whose expression (regularity of borders, symmetry) might also reflect individual quality (e.g. [2, 8] ). This polyvalent conception of colour patterns can conciliate, for instance, a signalling function and a role in predation avoidance via camouflage or aposematism for a single trait. In the latter case, this would help to explain the apparently paradoxical variability in aposematic patterns observed within a given species [43] .
Understanding the information content of colour patterns requires a deep knowledge of the main factors constraining its expression. This is particularly pertinent in the case of amplifiers of developmental homeostasis ( §3b), as the reliability of the colour pattern is intrinsically linked to its production mechanism. Understanding how each pattern feature can reflect the homeostasis of the developmental process is therefore a major challenge. In this sense, reaction-diffusion models provide a useful framework for studying pattern formation, both within structural units and across the whole body (e.g. [68, 69] ). According to these models, increasing pattern complexity requires controlling a higher number of morphogens and regulatory parameters to achieve the target pattern [68, 69] . Such complexity derived from theoretical models predicts the evolutionary pathways and key ecological aspects of patterns in different taxa [70, 71] ; however, addressing whether increased pattern complexity implies higher rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162446 lability during development is still pending. This task requires a multidisciplinary approach, combining inputs from genetics, biochemistry, physiology and evolutionary developmental biology. Incorporating other reliability mechanisms into the equation ( §3) would require behavioural tests and comparative approaches. Unfortunately, to date, evidence of the different reliability mechanisms discussed here is fragmentary, and comes from very different study models. Bringing together behavioural and mechanistic approaches in the same study system is a pressing task to fully assess the quality-signalling role of colour patterns.
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